Phasic coronary inflow and its determinants have been studied by means of differential pressure, 1 a constant pressure flowmeter, 2 an orifice meter, 8 a cannulating type of electromagnetic flowmeter, 4 and a differential transformer. 15 All are cumbersome and require the use of anesthetics, surgical trauma, anticoagulants, and insertion of the device into the coronary artery of the open and/or closed chest anesthetized animal. To obviate these difficulties, a miniature electromagnetic flowmeter has been developed and adapted in this laboratory to permit its implantation for weeks on the coronary arteries of the dog. 6 The present communication is concerned with the use of this device in registering the moment-to-moment rate of inflow into the left coronary artery and its major branches, together with myocardial oxygen usage in the resting unanesthetized dog under essentially normal conditions.
and artificial respiration (Harvard respiration pump), a left thoracotomy was done in the fifth intercostal space. After opening the pericardium, either the left circumflex or left descendens near their respective origins, or the main left coronary artery if long enough, was dissected for implantation of an electromagnetic flowmeter. The approximate diameter of the artery in diastole was measured with calipers, and a flow transducer of appropriate internal diameter placed on it. A few millimeters beyond the site for the flowmeter, and in a region without intervening arterial branches, the artery was cleaned and a narrow (1.5 to 2.0 mm wide) snare* or pneumatic cuff (description to be published) was placed around it. Neither the vessel occluding devices nor the flow probe was anchored to surrounding tissue. However, the tissue bridge intervening over the artery and between the probe and zeroing device was retained to aid in stabilization of the flowmeter. By these means, zero blood flow could be determined postoperatively by momentary artery occlusion at any time, days to weeks later. With the cuff, each zero could be made for as short a time as 0.2 second. In the case of the main left coronary artery, separate occlusive devices were placed on the descendens and circumflex branches beyond the origin of the septal artery. Thus, a reference zero could be obtained only for the main left coronary flow. Based on separate measurements of septal artery flow and main left coronary flow in the open-chest dog, by means of cannulating electromagnetic flowmeters, the reference zero is es-* Snares used were of the type described by Eckstein 7 modified as follows: the outer tubing is PE 240 (I.D. 1.67 mm), the inner is PE20 (I.D. 0.38 mm). The footplate is simply flared with heat and is flattened by pressing lightly on a flat surface. At the time of implantation, a piece of 0.012-inch diameter piano wire is inserted into the PE20 tubing to within 1 cm of the attachment to the footplate, and a machined Teflon cap is slipped over the portion of the snare external to the dog to prevent pneumothorax. We are very grateful to Dr. Eckstein for making available to us his design in I960, some time before its publication. timated to be about 9% too high, f A larger electromagnetic flowmeter of the same design was implanted on the ascending aorta just beyond the coronary ostia. Aortic rupture within one to two weeks, which was a frequent occurrence in the earlier experiments , was prevented by applying a snug-fitting sleeve of Ivalon sponge around the aorta proximal to the flowmeter. The flowmeter was fitted to the aorta using the same technic as that for the coronary artery. Zero flow was taken as the position of the flow curve in late diastole. For phasic arterial pressure, a stiff catheter made of Surflene KT-18+ fitted with soft poly vinyl ends and filled with heparin, was inserted through the left carotid artery into the aorta beyond the aortic flow transducer. Simultaneous studies of left myocardial metabolism were made possible by means of a special plastic tube chronically implanted in the coronary sinus. 9 After the implantation of these devices, the pericardium was closed; all tubes and cables were brought out through the chest cavity incision. The chest wall was then closed in layers and air evacuated by water seal drainage. The flowmeter cables, sampling tubes, and pneumatic cuffs were tunneled subcutaneously to the interscapular region in the back of the neck. Sampling tubes and pneumatic cuffs were connected to nylon or stainless steel stopcocks. Snares were brought out directly through the thoracotomy incision. Except when snares were used, the skin connectors were not covered or protected in any way postoperatively ( fig. 1 ).
Penicillin and streptomycin were given routinely just prior to surgery and daily thereafter for five to seven days. There was no evidence of infection postoperatively. The aortic and coronary sinus catheters were flushed daily and refilled with heparin (10 mg/cc). Studies of blood pressure, blood flow and metabolism were made one to ten weeks after operation with the dog resting on its right side or at standing rest. The time interval during which useful data were recorded was rather variable because all the different devices did not function for the same period of time, and all apparatus and devices had to be t working well or the experiment was terminated. Blood oxygen values were determined with the Van Slyke apparatus, 10 or with the Beckman DU spectrophotometer. 11 Aortic pressure was measured with a Statham P23Gb transducer, and was recorded photographically together with the phasic and mean blood flows on an Electronics for Medicine DR-8 research recorder.
At the end of each experiment, the dog was sacrificed by intravenous injection of pentobarbital. At autopsy, the thoracic viscera were normal except for adhesions. In some hearts, the left circumflex branch or the main left coronary artery was perfused with a solution of basic fuchsin, and after total heart and left ventricular weights were determined, the dyed portion of ventricle was cut out and weighed separately. Except for one or two instances, the coronary arteries and coronary sinus were patent and no evidence of myocardial infarction was noted.
In the analysis of data, systole was used as the period of left ventricular ejection. The respective pressures and flows in systole and diastole were estimated by planimetry on a number of heart beats. Oxygen usage was calculated from coronary blood flow times the difference in oxygen content of arterial and coronary sinus blood. For this calculation to be valid, 1) the blood obtained from the coronary sinus must be a representative sample of that draining into the sinus from the different coronary veins; 2) it cannot be significantly contaminated by blood from the right atrium; and 3) in experiments in which only flow in a left coronary artery branch was measured, the oxygen content of the coronary venous blood leaving the myocardial region supplied by the coronary branch must be the same as that in the coronary sinus. These points have been experimentally verified by Olsson et al. 12 In support of the first point, simultaneous blood samples from the great cardiac vein and the coronary sinus catheter in unanesthetized dogs were found to have the same chemical composition. In support of the second point, in acute or chronic experiments, indicator dyes injected into the descending aorta were shown to appear in the coronary sinus catheter at least six seconds after appearing in the right atrial catheter which was inserted as close as possible to the orifice of the coronary sinus. Finally, in support of the third point, it has been observed repeatedly in the open-chest dog that immediately following ligation of either major left coronary artery branch, the oxygen saturation of blood being continuously withdrawn from the coronary sinus and passed through a densitometer does not change significantly.
CRITIQUE OF METHODOLOGY
The flowmeter used for this study is in principle that described by Kolin and Kado. 13 The circuit was modified to provide a maximum frequency response flat to 80 cycles/sec and down 3 db at 100 cycles/sec with an improved signalto-noise ratio. A selector switch makes it possible to record at lower frequency responses. The transducers are very small in size and mass and are self-supporting on the major coronary branches. 6 When flows are being measured in two arteries in close proximity, amplifiers with different carrier frequencies are used in order to prevent any cross-talk between the two flow signals. The use of two amplifiers at 400 and 1,000 cycles/sec center frequency permits simultaneous measurements even when the transducers are touching one another.
When the amplifiers are properly gated, a stable presentation of flow is obtained with minimal artifacts. Occasionally, an ECG spike is superimposed on the flow signal ( fig. 2 ). This artifact is most prominent immediately after implantation, then gradually decreases and disappears within seven to ten days postoperative. The 1,000 BLOOD PRESS. cycles/sec carrier amplifier generally rejects this artifact totally, but gating is more difficult than with the 400 cycles/sec carrier amplifier.
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FIGURE 2
Record showing agreement of flow patterns and mean flow values obtained by means of the cannulating (1000 cycles/sec carrier frequency) and cuff type (400 cycles/sec carrier frequency) of electromagnetic flow transducers from the left circumflex coronary artery of a large (38 kg) anesthetized open-chest dog. A and B, two coronary flow curves superimposed. A, control; B, late in the period of reactive hyperemia following a l.S-second occlusion of the coronary artery. C, during elevation of systemic blood pressure by mechanical constriction of the descending thoracic aorta. D, after intravenous infusion of 15 ng l-norepinephrine. In each section, curve with "spikes" just before systole taken with cuff probe. Spikes represent ECG artifacts which occur generally in open-chest dogs but which disappear largely and spontaneously 7 to
Before implantation, the flow transducers were calibrated repeatedly on appropriate vessels by means of a gravity or a pump system with 0.9% NaCl and with blood having hematocrits varying from 30 to 55. At the end of each chronic experiment, they were again calibrated with blood having approximately the same hematocrit as that of the dog during life. Except in one instance, the calibrations differed by no more than 5 to 10%. As further evidence of reproducibility, the cannulating type of electromagnetic flowmeter of the same size and design has shown the same calibration curve (within 5%) over a four-year period.
The possible effect of the arterial wall intervening between the blood and the electrodes has been tested in the open-chest dog in which a cannulating and a cuff type flow transducer have been installed in series on the left circumflex coronary artery, both flowmeters having the The method of obtaining zero blood flow in the coronary artery (or any small artery) deserves further comment. Some flow probes have been constructed with coincidence of electronic and mechanical flow zeros, and in some dogs the identity of zeros has been observed for two months after probe implantation. But this identity is not usually maintained and cannot be shown to represent routinely and accurately the position of true flow zero. Proof of the validity of electronic flow zero would entail agreement between it and mechanical flow zero simultaneously determined for many weeks and in many chronic dogs under a large number of conditions. (table 1) .
Results
NORMAL FLOW IN MAIN BRANCHES OF LEFT CORONARY ARTERY
The flow pattern in the left descendens branch of the resting dog is essentially identical to that found in the left circumflex coronary artery. The descendens which is a smaller artery, carries a smaller volume of flow. Figure 4 shows aortic pressure, main left coronary flow and stroke cardiac output obtained in a resting dog two weeks postoperative. The flow curve of the main left coronary artery corresponds in essential aspects to that obtained from a left circumflex coronary artery branch, as illustrated in figure 3 . The associated data for the main left coronary artery are also similar to those obtained from a branch of the coronary artery when allowance is made for the somewhat larger dog and the larger size of the main left coronary vascular bed (table 1) .
MAIN LEFT CORONARY FLOW
Similarly, measurements have been made in a number of anesthetized open-chest dogs under a variety of dynamic states. Figure 2 shows typical curves from the left circumflex coronary artery. These and many others CiritUtion Risurcb, Vol. XVI, Ptbnurj 196) are very similar in pattern to those obtained from the unanesthetized dog, and the volume of systolic flow can be approximately the same as that of the circumflex artery in the unanesthetized dog.
SEPTAL ARTERY FLOW
The pattern of flow through the septal artery in the unanesthetized or anesthetized open-chest dog is not yet available because of technical difficulties, the artery being so small, even in large dogs, as to require a flowmeter smaller than 1 mm I.D. However, in chronic implantation of a flowmeter on the main left coronary artery, the residual flow pattern after simultaneous and acute closure of both the descendens and circumflex branches of the left coronary near their origin could represent that of the septal branch. Figure 5 shows the flow pattern after the circumflex and descendens branches have been occluded. Whether this residual pattern is essentially a correct representation of flow in the septal artery remains to be seen since the volumeelasticity characteristics are, doubtless, somewhat distorted by the inclusion of a larger and longer length of artery than is normal for the septal artery. Figure 6 shows, for one of our average trained dogs, the course of hemodynamic and metabolic values in the left circumflex coronary artery during a 29-day postoperative period. Some of the values were obtained with the dog at standing rest (SR), others at lying rest (LR). There is no systematic difference between values under the two conditions. The heart rate is fairly constant throughout. The other systemic values, however, start to rise within the first two weeks after which they are maintained fairly well up to the time of sacrifice. The stroke coronary flow varies between 0.25 and 0.40 cc. The arterial blood is 95% saturated and its oxygen content varies from about 18 to 19 volumes per cent except toward the end when it drops somewhat, in association with the decreased hematocrit (Hct). The coronary sinus oxygen varies between 4 and 5 volumes per cent approximately, and the coronary A-V oxygen difference between 13 and 15 cc. The oxygen usage per heart beat varies between about 0.035 and 0.055 cc. The hematocrit is stable at 42 until near sacrifice when it drops to 38. Since the heart rate changes only slightly throughout, the preceding changes in coronary flow, cardiac output, and oxygen usage per heart beat also reflect corresponding changes in these parameters per minute.
VARIATIONS OF AORTIC BLOOD PRESSURE, CARDIAC OUTPUT, LEFT CORONARY BLOOD FLOW, AND MYOCARDIAL OXYGEN USAGE
The oxygen extraction and coronary sinus values in figure 2 are representative of those for most of our dogs (table 1). In other dogs, however, some of the responses were somewhat different. The coronary flow is not necessarily stable throughout the period of rest each day but, at times, appears quite sensitive to stimuli which are not apparent to the observer. For example, the coronary flow can remain unchanged in the presence of a transient mild increase in blood pressure, or, in the presence of a constant blood pressure and heart rate, the coronary flow can rise or fall slightly and transiently. Also, in a number of dogs after the first week of recovery, the systemic and coronary values do not rise progressively. Although the dogs just described underwent long periods of training, it is not believed that they were in a basal state, in part, because of the relatively high postoperative heart rates of some (table 1) . In five dogs, however, the coronary flow values expressed as cc/100 g left ventricle/min, vary from 37 to 58, while values for cc of oxygen usage/100 g/min vary from 4.4 to 8.6 (table 1). Factors other than the heart rate can apparently operate to affect these flow and oxygen values. Figure 7 shows curves and data from a welltrained dog whose mean blood pressure was 90 mm Hg, and whose preoperative and postoperative heart rates varied only from 50 to 65 beats per minute. Despite this, the coronary flow of 51 cc/100 g/min, and oxygen usage of 6.7 cc/100 g/min are within the range of those values obtained from dogs with a considerably higher heart rate (table The exact portion of cardiac output entering the coronary arteries can not be determined in these resting dogs since total coronary inflow was not measured. However, measurements of coronary inflow distribution Circulation Research, Vol. XVI, February 1965 in the open-chest dog, using a cannulating type of electromagnetic flowmeter, have indicated that the left descendens and left circumflex arteries carry 77$, the septal artery 9$, and the right coronary artery 14$ of the total flow (Sevelius, unpublished experiments). Utilizing this calculation for the dog whose data are given in figure 7 , the percentage of total stroke coronary flow to stroke cardiac output is 2.8$. Values for other dogs range from 2.6 to 3.3$
Discussion
We regard this as a standardized and essentially normal preparation. Aortic rupture because of the encircling flowmeter, injury or gross changes in the coronary artery under the flowmeter, thrombosis of the coronary sinus or in the region of the aortic pressure tube, were infrequent. Except in rare instances, the experiment was terminated because of failure of apparatus and not because of failure of the dog. Seven to ten days postoperatively, the dogs appeared to have recovered well and, at this time, they were capable of as strenuous exertion on the treadmill just as they had been before operation. The extent to which the pericoronary nerve fibers were injured by the operative procedure is not known. Evidence for the functioning of such connections, however, is the observation that frightening or startling the dog caused large changes in the coronary circulation within one to two seconds.
At present, no firm statement can be made about the reproducibility of coronary hemodynamic and metabolic values from day to day over a considerable period of time, or whether any approximate those for a basal state. Although many of the dogs underwent long and intensive training, the measurements vary considerably from day to day in the same dog. Despite this, the range of values reported here of 37 to 58 cc coronary flow, and 4.4 to 8.6 cc of oxygen usage/100 g/min, are considerably less than those usually found 14 in the open-chest or anesthetized dog (coronary flow 72 to 85 cc and oxygen usage 8 to 10 cc). When more attention is given to In addition, we have found in the unanesthetized dog exposed to various stresses that the systolic component of left coronary inflow shows large changes. It can increase 100 to 600$, and, at times, can range from 15 to 85$ of the diastolic flow per heart beat (unpublished observations).
Various possible explanations can be advanced for the presence of systolic flow into the epicardial arteries and its possible entry into the myocardium. 1) It could be that all this blood stays in the epicardial vessels during systole. This is obviously a strategic location for it would be readily available for quick myocardial entry with the onset of the next diastole. This would be especially advantageous in the presence of rapid heart rates in which the duration of systole can equal that of diastole. Unfortunately, no method is available for fractionating the epicardial and intramural coronary flow during systole. We believe, however, that the volume of systolic inflow very often exceeds that necessary to enlarge radially the epicardial vessels, and that if this flow only caused extramural vessel expansion, then the rate of inflow should drop to zero at or shortly after the point of maximum arterial expansion, i.e., at the peak of the aortic pressure curve. Actually, the late systolic flow is never zero but varies from 20 to 200 cc per minute in the dog at rest and under the influence of various stresses. 2) There could be a variable use of the right ventricular connections, of the left coronary artery. 18 The resistance in the myocardial wall of the right ventricle during systole should be much less than the central coronary systolic pressure. 3) The systolic coronary inflow could enter the left myocardium because of changing temporal relations of contraction in different areas of the myocardium, because of variable functioning of A-V shunts near the surface of the heart which would not be compressed by myocardial contraction, and because of variable strength of contraction and resistance to flow at different myocardial depths.
The intramural pressure could be the most important factor for, on theoretical grounds, it is generally agreed that a gradient of systolic pressure must exist in the free wall of the left ventricle with the systolic pressure in the subendocardial layer being considerably higher than the aortic systolic pressure, and the systolic pressure in the subepicardial zone being considerably less than the aortic systolic pressure. Quantitation of intramyocardial tissue pressure has been attempted from measurements of pressure within artificial cavities created in the myocardium by means of fluid pockets and elastic vessels, 19 -20 and from measurements of change in flow through an analogue of a small coronary vessel in-serted within the myocardium and perfused with a declining pressure head. 21 Most of these observations indicate a large pressure gradient from epicardium to endocardium. Although the existence of such a gradient is not in dispute, we believe that these recorded tissue pressures are produced, in part, by artifacts and, hence, are unable to provide correct values for intramural pressure. Thus, the estimated magnitude of such pressure gradients is believed to be inaccurate. There are, however, experiments indicating that left myocardial flow is not homogeneous and that the subepicardial flow is considerably greater than the subendocardial flow. 21 The final answer as to how much of the blood that enters the epicardial arteries during ventricular systole also enters the myocardium, and how far it penetrates, must await more definitive experimentation.
Summary
This report is an initial attempt to study the coronary circulation in the chronic unanesthetized dog. A standardized preparation has been developed in which phasic aortic pressure and flow, phasic left coronary inflow, and myocardial metabolism have been studied for many weeks in the unanesthetized dog under resting conditions. The flow patterns in the main left coronary artery and in its major branches are very similar. In the resting dog, the left coronary inflow during systole is 7 to 45$ of that during diastole. We believe that much of this flow into the epicardial arteries penetrates into the myocardium. Stroke coronary flow can change considerably without significant alterations of blood pressure and heart rate. Despite this, the coronary flow values (37 to 58 cc) and oxygen usage values (4.4 cc to 8.6 cc) per 100 grams left ventricle per minute are low. Since, however, these measurements can vary considerably not only in different dogs but also in the same dog on the same day, and from day to day, it is suggested that these animals were in a semiresring state and probably not in a basal state.
